UDP-galactopyranose mutase (UGM) catalyzes the interconversion of UDPgalactopyranose and UDP-galactofuranose. Eukaryotic UGMs from Aspergillus fumigatus and Leishmania major have been purified to homogeneity by means of Ni 2+ -affinity chromatography and crystallized. Eukaryotic UGM structure elucidation was not straightforward owing to high pseudo-symmetry, twinning and very low anomalous signal. Phasing to 2.8 Å resolution using SAD was successful for L. major UGM. However, the maps could only be improved by iterative density modification and manual model building. High pseudosymmetry and twinning prevented correct space-group assignment and the completion of structure refinement. The structure of A. fumigatus UGM to 2.52 Å resolution was determined by molecular replacement using the incomplete 2.8 Å resolution L. major UGM model.
Introduction
Drug-resistant pathogens cause serious health problems, creating an urgent need for alternative antibiotics and antibiotic drug targets. One such target is UDP-galactopyranose mutase (UGM). UGM catalyzes the interconversion of UDP-galactopyranose (UDP-Galp) to UDP-galactofuranose (UDP-Galf), a precursor for the construction of Galf-containing oligosaccharides. Galf is an essential component of the cell wall in bacteria and fungi and the cell-surface matrix of protozoan parasites, and appears to be essential for survival and virulence (Nassau et al., 1996; Kö plin et al., 1997; Bernard & Latgé, 2001; de Lederkremer & Colli, 1995; Tefsen et al., 2011) . Since Galf and UGM are not found in humans, UGM is an interesting target for novel structure-based drug design (Pedersen & Turco, 2003; Tefsen et al., 2011) . In order to design such drugs, detailed structural information is required.
To date, structural research on UGM has resulted in the crystal structures of four prokaryotic UGMs: those from Escherichia coli, Mycobacterium tuberculosis, Klebsiella pneumoniae and Deinococcus radiodurans (Beis et al., 2005; Sanders et al., 2001; Partha et al., 2009 ). Structures of prokaryotic UGMs with and without bound substrate have been reported (Partha et al., 2009; Gruber, Borrok et al., 2009) . These structures revealed the overall fold of UGM, which consists of three domains (an FAD-binding domain containing the Rossmann fold, an -helix domain and a -sheet domain), and shed light on how substrate is bound in prokaryotic UGMs. In addition, examination of these structures confirmed that the active site of UGM closes around the substrate as it binds and is controlled by an invariant arginine residue that interacts with the diphosphate of the substrate (Partha et al., 2009; . Eukaryotic UGMs are less well characterized, but have been identified and characterized in several eukaryotic organisms such as Aspergillus fumigatus, A. niger, A. nidulans, Leishmania major and Trypanosoma cruzi (Beverley et al., 2005; Bakker et al., 2005; Kleczka et al., 2004; Oppenheimer et al., 2010 Oppenheimer et al., , 2011 El-Ganiny et al., 2008) . Eukaryotic UGMs share less than 30% identity to bacterial UGMs, but most residues required for substrate and FAD binding are conserved (Chad et al., 2007; Beverley et al., 2005) . Eukaryotic UGMs have additional inserts in their sequence compared with prokaryotic UGMs, although the role of these additional inserts is not yet known. Furthermore, while prokaryotic UGMs are dimers, A. fumigatus UGM (AfUGM) has been reported to function as a tetramer (Oppenheimer et al., 2010) and L. major UGM (LmUGM) as a monomer (Oppenheimer et al., 2011) .
Our laboratory is currently focusing on determining the structures of the UGMs from the eukaryotic pathogens A. fumigatus (AfUGM) and L. major (LmUGM). UGM gene deletions in A. fumigatus and L. major lead to attenuated virulence, decreased cell-wall thickness and increased sensitivity to antifungal agents (Schmalhorst et al., 2008; Kleczka et al., 2004) . To increase our knowledge of molecular details and mechanisms, we aim to determine the crystal structures of eukaryotic UGMs and to compare their structures with those of prokaryotic UGMs.
This paper describes the purification, crystallization and unusual structure determination of eukaryotic UGMs from A. fumigatus and L. major.
Materials and methods

Expression and purification of native LmUGM
A pET22b plasmid containing the LmUGM gene (AJ871146) with a C-terminal His tag (E. coli clone 1666) was used for overexpression of L. major UGM (LmUGM; Kleczka et al., 2004) . Briefly, E. coli strain BL21 (DE3) Gold was used to express LmUGM. The cells were cultured at 303 K and 250 rev min À1 in LB medium containing 50 mg ml À1 ampicillin. The cells were allowed to grow to an OD 600 of 0.5. The culture was shifted to 288 K and allowed to grow for 30 min. Expression was induced by addition of 0.5 mM IPTG and the culture was grown for a further 24 h. The cells were harvested, resuspended in PBS buffer pH 7.3 (2.7 mM KCl, 137 mM NaCl, 8.1 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 ) and incubated with 20 mg ml À1 lysozyme and 20 U ml À1 DNase for 1 h while stirring at 277 K. After incubation, the cells were ruptured by sonication and cell debris was removed by centrifugation at 15 000 rev min À1 for 30 min. The pellets were resuspended in PBS buffer pH 7.3 containing 0.5 mM tris(2-carboxyethyl)phosphine-HCl (TCEP) and 0.2% sodium deoxycholate, briefly sonicated and centrifuged. The pooled supernatants were loaded onto a Protino Ni-IDA binding column (Macherey-Nagel). His 6tagged LmUGM was eluted with 250 mM imidazole in PBS buffer pH 7.3. Fractions were analyzed by SDS-PAGE. Fractions containing pure His 6 -tagged LmUGM were pooled and dialyzed overnight against 20 mM Tris pH 8.0 with 1 mM TCEP. His 6 -tagged LmUGM was concentrated to 14 mg ml À1 using a 30K Amicon centrifugal filter device. Protein concentration was determined using UV-absorption spectroscopy at 280 nm with a theoretical molecular extinction coefficient of 1.789. Around 60 mg pure protein was obtained from a 4 l LB culture. The recombinant protein contained eight non-native residues (LEHHHHHH) at the C-terminus.
Expression and purification of native AfUGM
A pET22b plasmid containing the AfUGM gene (AJ871145) with a C-terminal His tag (E. coli clone 2212) was used for overexpression of AfUGM (Schmalhorst et al., 2008) . Briefly, E. coli strain BL21 (DE3) Gold (Novagen) was used to express AfUGM. Cells harbouring pET22b expression vector for overexpression of C-terminally His 6tagged AfUGM were cultured at 303 K and 250 rev min À1 in LB medium containing 50 mg ml À1 ampicillin. Expression was induced by the addition of 1 mM IPTG when the cell density reached an optical density (OD 600 ) of 0.6-0.8. Cells were grown for an additional 4 h, harvested and resuspended in lysis buffer (buffer A) containing 5 mM imidazole, 0.50 M NaCl, 0.1% NaN 3 , 50 mM bis-tris-propane pH 7.7. After the addition of 2 mM lysozyme, 1 mM AEBSF and 20 mg l À1 DNAse, the cells were ruptured by sonication and cell debris was removed by centrifugation at 8000 rev min À1 for 30 min at 277 K. Ammonium sulfate precipitation (10% ammonium sulfate) was carried out on the supernatant containing AfUGM. The supernatant was clarified by centrifugation at 17 000 rev min À1 for 30 min at 277 K. The supernatant was filtered through 0.22 mm filters and loaded onto a 10 ml Ni-loaded chelating column (MC20, Applied Biosystems) pre-equilibrated with buffer A at 295 K. The column was washed with seven column volumes of buffer A. Bound His 6 -tagged AfUGM was eluted with a linear imidazole gradient from 5 to 600 mM imidazole in 50 mM bis-tris-propane pH 7.7 containing 0.5 M NaCl at a flow rate of 10 ml min À1 . His 6 -tagged AfUGM eluted at about 100 mM imidazole. Fractions were analyzed by SDS-PAGE. Fractions containing His 6 -tagged AfUGM (molecular weight 58 kDa) were pooled and dialyzed against 25 mM Tris-malonate pH 8.0. His 6tagged AfUGM was concentrated to 24.6 mg ml À1 using a 30K Amicon centrifugal filter device. The amount of protein was determined using UV-absorption spectroscopy at 280 nm with a theoretical molecular extinction coefficient of 1.608. Around 73 mg pure protein was obtained from a 4 l LB culture. The recombinant protein contained eight non-native residues (LEHHHHHH) at the C-terminus. 
Expression and purification of SeMet-AfUGM and SeMet-LmUGM
Selenomethionine-substituted AfUGM (SeMet-AfUGM) and LmUGM (SeMet-LmUGM) were prepared using E. coli cells grown in 2Â M9 minimal medium and supplemented 15 min before induction with 46 mg l À1 l-selenomethionine and a mixture of amino acids known to inhibit methionine biosynthesis (Doublié, 1997; Gerchman et al., 1994) . Purification of SeMet-substituted enzymes was carried out as described above but with 5 mM TCEP included in the buffers to prevent the oxidation of selenomethionine. 140 mg pure SeMet-AfUGM was obtained from a 4 l M9-SeMet high-yield growth culture (Medicillon Inc.). SeMet-AfUGM was concentrated to 12.0 mg ml À1 in 25 mM Tris-malonate pH 8.0, 5 mM TCEP. About 87 mg pure SeMet-LmUGM was obtained from a 4 l M9-SeMet high-yield growth culture (Medicillon Inc.). SeMet-LmUGM was concentrated to 26.0 mg ml À1 in 25 mM Tris-malonate pH 8.0, 1 mM TCEP.
Crystallization of LmUGM
Initial crystal screening for LmUGM was conducted using the microbatch method at 277 K. Initial screening for crystallization conditions was performed using commonly available commercial screens from Qiagen. The microbatch drops were prepared by mixing equal volumes of protein solution (1.2 ml; 22.0 mg ml À1 LmUGM in 25 mM Tris pH 8.0) and precipitant solution (1.2 ml). The crystallization drop was overlaid with paraffin oil to prevent the evaporation of water from the drop. Plate-like crystals of LmUGM were grown in 20-40% PEG 3350. The best crystals were obtained using the hanging-drop vapour-diffusion method and using a higher LmUGM concentration. Hanging drops were prepared by mixing equal volumes of protein solution (1.2 ml; 34.0 mg ml À1 LmUGM in 25 mM Tris pH 8.0) and well solution (1.2 ml) and were equilibrated against 500 ml well solution. Hexagonal and trigonal plate-shaped crystals (Fig. 1) were obtained in 10-20% PEG 3350 and 0-15% 2-propanol. The crystals appeared within a week after setup. SeMet-LmUGM crystallized under the same crystal conditions as native LmUGM.
Crystallization of AfUGM
Crystals of AfUGM were grown at both 277 and 293 K using the sitting-drop vapour-diffusion method and using a modified microbatch method that uses a 50:50 mixture of silicone oil and paraffin oil (Al's oil) to cover the drops (D'Arcy et al., 1996 (D'Arcy et al., , 2004 . Initial screening for crystallization conditions was performed using commonly available commercial screens from Qiagen. The micro-batch drops were prepared by mixing equal volumes of protein solution (1.2 ml; 10.3 mg ml À1 AfUGM, 20 mM UDP-Galp in 25 mM Tris pH 8.0) and precipitant solution (1.2 ml). The crystallization drop was overlaid with Al's oil, allowing the slow evaporation of water from the drop. Crystals of AfUGM were found in several different conditions. Three crystal forms of AfUGM were found (tetragonalshaped, plate-shaped and rod-shaped crystals). Tetragonal crystals (crystal form I) were obtained using the hanging-drop method at 277 K. Briefly, hanging drops were prepared by mixing equal volumes of protein solution (1.2 ml; 10.3 mg ml À1 AfUGM, 20 mM UDP-Galp in 25 mM Tris pH 8.0) and well solution (1.2 ml) and were equilibrated against 1 ml well solution (0.1 M sodium acetate pH 4.2, 1.53 M ammonium sulfate). The best plate-shaped (crystal form II) and rodshaped (crystal form III) crystals grew both at 277 and 293 K (Fig. 2) . The plate-shaped and rod-shaped crystals were obtained using the microbath method in 0.1-0.2 M salt (NaNO 2 or sodium citrate), 10-25% PEG 3350 and 0.1 M bis-tris (propane) buffer pH 5.5-8.5. SeMet-AfUGM crystallized under the same crystal conditions as native AfUGM. All crystal forms appeared within a week after setup.
Data collection and processing
Crystals were flash-cooled in mother liquor containing 20%(v/v) ethylene glycol as a cryoprotectant. X-ray diffraction intensity data were collected on beamline 08ID-1 at the CLS using a MAR 225 CCD detector.
A high-redundancy SAD data set was collected from a single SeMet-LmUGM crystal at the CLS using a MAR 225 CCD detector. A total of 720 frames were collected with 0.5 oscillation and 0.5 s exposure time per image; the crystal-to-detector distance was 200 mm.
A total of 800 frames were collected from AfUGM crystal form I with 0.25 oscillation and 10 s exposure time per image; the crystal-todetector distance was 200 mm. A total of 400 frames were collected from AfUGM crystal form II and AfUGM crystal form III with 0.5 oscillation and 1 s exposure time per image. The wavelength was 0.9795 Å and the crystal-to-detector distances were 210 and 190 mm, respectively. Prior to MAD data collection, an Se absorption-edge scan was collected to determine the peak, inflection-point and remote wavelengths. MAD data were collected from an SeMet-AfUGM crystal (form I) at three wavelengths around the Se K edge: 0.9793 Å (peak), 0.9794 Å (inflection point) and 0.97467 Å (remote). A total of 360 frames per wavelength were collected with 0.5 oscillation and 2 s exposure time per image; the crystal-to-detector distance was 450 mm. All native diffraction data were indexed and integrated using XDS (Kabsch, 2010) and scaled and merged using XSCALE and XDSCONV. The anomalous diffraction data were processed and scaled using HKL-2000 (Otwinowski & Minor, 1997) . The unit-cell parameters and space-group information and the statistics for the best data set collected from each crystal form are given in Table 1 .
Results and discussion
Crystallization and data collection for LmUGM
Hexagonal-shaped and trigonal-shaped plate-like crystals of LmUGM were obtained using the hanging-drop vapour-diffusion method. LmUGM crystallized in space group P3 1 21 with only one molecule in the asymmetric unit. These crystals diffracted to a maximum of 2.5 Å resolution at the synchrotron. Examination of the diffraction pattern showed strong diffraction interspersed with a weaker diffracting lattice, suggesting either pseudo-translation and/or twinning (Fig. 3) . However, processing and scaling in a larger cell was not possible. Furthermore, a self-rotation function in P1 at 2.8 Å was inconclusive.
Experimental phasing, model building and refinement for LmUGM
The crystal structure of LmUGM was determined in space group P3 1 21 to 2.8 Å resolution using selenomethionine single-wavelength anomalous dispersion (SAD). Phase calculation, density modification and preliminary model building were carried out using PHENIX AutoSol and AutoBuild (Adams et al., 2010) . PHENIX AutoSol found 22 selenium sites; 13 of these were expected and nine were either the result of alternate configurations of the SeMet residues or a consequence of twinning. The initial electron-density maps after density modification in PHENIX showed clear density for the -sheet domain. The electron density for the -helix and FAD domains was of poor quality, only showing density for a few -helices and -strands. Buccaneer (Cowtan, 2006) was able to build part of the amino-acid residues for the -sheet and FAD domains. Manual model rebuilding was performed in Coot (Emsley & Cowtan, 2004) using the 13 SeMet positions and the crystal structures of protoporphyrinogen oxidase (PPOX) from Bacillus subtilis (PDB entry 3i6d; Qin et al., 2009 ) and prokaryotic UGM from K. pneumoniae (PDB entry 3gf4; Gruber, Borrok et al., 2009) as guides. Refinement (rigid-body refinement and simulated annealing starting at 5000 K) of the LmUGM model against experimental data in PHENIX in space group P3 1 21 resulted in high R factors (R = 45%, R free = 50%). Experimental phases and electron-density maps were improved by density modification in OASIS (He et al., 2007) using the partially built model, 13 SeMet positions and the experimental data. Iterative manual model building in Coot and phase improvement using density modification in OASIS resulted in a model with 75% of the amino acids being built into electron density. The refinement still stalled at high R factors (R = 36.3% and R free = 48.7%) and no further map improvements were apparent. Data were reprocessed in HKL-2000 in space groups P3 1 and C2. Space group P3 1 showed no improvement compared with P3 1 21 and was not considered. A possible explanation is that this is not the correct space group owing to high pseudo-symmetry, although tests were unclear. We therefore reprocessed our data in the lower symmetry space group C2. Molecular replacement in C2 using the P3 1 21 LmUGM model gave a clear solution. The rotation search gave three top solutions with an Rf/ values of 9. 6, 9.4 and 8.9 (in contrast to 3.5 for the fourth solution), which suggested the presence of three monomers per asymmetric unit. The best solution after the translation function had an R factor of 48.2%. Rigid-body refinement and simulated annealing starting at 5000 K using NCS gave an R factor of 
Figure 3
Diffraction pattern of LmUGM showing two lattices.
32.4% and an R free of 37.8%. phenix.xtriage indicated near-perfect twinning with the following two twin operators: 0.5h + 1.5k, 0.5h À 0.5k, Àl and 0.5h + 1.5k, À0.5h À 0.5k, Àl. The same drop in R factors (R = 32.2% and R free = 36.5%) was observed when either of the twin operators was applied. Furthermore, 2F o À F c and F o À F c electrondensity maps showed additional density for main chains and side chains. Manually rebuilding part of the structure in Coot and subsequent refinement in PHENIX (simulated annealing at 2500 K and applying NCS using twin operator 0.5h + 1.5k, 0.5h À 0.5k, Àl) lowered the R factors (R = 30.5% and R free = 35.5%). Currently, we are in the process of overcoming the twinning and completing our refinement of the LmUGM model.
Molecular replacement and experimental phasing trials for AfUGM
Native and SeMet-substituted AfUGM have been expressed and purified to homogeneity. Diffraction-quality crystals have been grown in three different crystal forms and the crystal parameters and datacollection statistics are summarized in Table 1 . The best diffracting crystal (crystal form III) diffracted to about 2.3 Å resolution. On the basis of density calculations and the fact that the protein is a tetramer in solution (Oppenheimer et al., 2010) , we estimate that eight molecules of the protein are present per asymmetric unit (V M = 3.38 Å 3 Da À1 , solvent content 64.5%; Matthews, 1968 ). On the basis of density calculations (V M = 2.92 Å 3 Da À1 , solvent content 57.9%), we estimate that crystal form II would only contain one tetramer. For crystal form I, we expect four tetramers per asymmetric unit (V M = 2.55 Å 3 Da À1 , solvent content 51.8%), although other arrangements also fall within reasonable Matthews values. Although the crystal structures of prokaryotic UGMs were available, our initial attempts to solve the AfUGM structure by molecular replacement using MOLREP (Vagin & Teplyakov, 2010 ), Phaser (McCoy et al., 2007 or MrBUMP (Keegan & Winn, 2007) failed. All molecularreplacement trials using either the whole or the three separate domains (FAD, -sheet and -helix domains) of known prokaryotic UGM structures from E. coli (PDB entry 1i8t; Sanders et al., 2001) , M. tuberculosis (PDB entry 1v0j; Beis et al., 2005) and K. pneumonia (PDB entries 1wam, 2bi7 and 2bi8; Beis et al., 2005) as search models failed to give a good solution.
Several MAD and SAD data sets were collected from all three crystal forms of SeMet-substituted AfUGM. Radiation sensitivity or a too weak anomalous signal prevented the determination of the substructure of AfUGM.
Structure determination of AfUGM
The model of SeMet-LmUGM was used to determine the phases for the AfUGM data sets. AfUGM shares 46% sequence identity with LmUGM. Initial phases for the AfUGM data were obtained by molecular replacement with MrBUMP (Keegan & Winn, 2007) using MOLREP (Vagin & Teplyakov, 2010) and the LmUGM structure. All three crystal forms of AfUGM were used for molecular replacement, but crystal form III gave the best results. Molecular replacement in P1 using the LmUGM model gave a solution (R = 54.4%, score = 0.583). Initial rigid-body refinement and simulated annealing starting at 5000 K using NCS gave an R factor of 38.7% and an R free of 42.1%. Inspection of the model in Coot showed no clashes. The solution has two tetramers per asymmetric unit. The initial F o À F c electrondensity map showed clear density for FAD. Further refinement and additional model building are currently in progress, for which structural details will be described in a separate paper. In addition, we intend to perform X-ray crystallographic studies of AfUGM with substrate and inhibitors to determine cocrystal structures.
